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Abstract 
NPF (NRT1/PTR FAMILY) proteins were originally identified as nitrate or di/tri-peptide 
transporters. However, recent studies revealed that the members of this transporter family 
also transport plant hormones, including auxin (indole-3-acetic acid; IAA), abscisic acid (ABA) 
and gibberellin (GA), as well as secondary metabolite, such as glucosinolates. In the present 
study, I developed the modified yeast two-hybrid (Y2H) systems with the receptor complexes 
for GA and Jasmonates (JA-Ile) to detect the hormone transport activities of proteins 
expressed in the yeast cells. By using the Y2H receptor complex systems for ABA, GA and 
JA-Ile, I determined the activities of Arabidopsis NPFs for ABA, GA and JA-Ile transport. 
Several NPFs induced the formation of receptor complexes under relatively low hormone 
concentrations. Hormone transport activities were confirmed for some NPFs by direct 
analysis of hormone uptake of yeast cells using liquid chromatography-tandem mass 
spectrometry (LC-MS/MS). These results suggested that at least some NPF proteins function 
as hormone transporters in vivo. 
 
[Main results including figures and tables in this study have been accepted as an article 
entitled “Identification of Arabidopsis thaliana NRT1/PTR FAMILY (NPF) proteins capable 
of transporting plant hormones” by Yasutaka Chiba, Takafumi Shimizu, Shinya Miyakawa, 
Yuri Kanno, Tomokazu Koshiba, Yuji Kamiya and Mitsunori Seo in Journal of Plant 
Research on Dec. 05, 2014]
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Introduction 
Plant hormones are a group of naturally occurring endogenous bioactive small molecules that 
induce various physiological responses throughout plant life cycles (Kende and Zeevaart 
1997; Santner et al. 2009; Santner and Estelle 2009). Physiological responses mediated by 
hormones are regulated by several steps including biosynthesis, catabolism (inactivation), 
transport, perception and signal transduction. The balance between biosynthesis and 
catabolism, in association with transport, determines local hormone concentrations at a 
particular cell. On the other hand, recognition of hormones by receptors and transduction of 
the signals regulate sensitivities or responsiveness of a cell to the hormones. Plant hormones 
exist in plant tissues at low concentrations and thus these processes must be regulated very 
precisely. 
In animals, hormones are synthesized in specific cell types and are transported to target 
cells to induce physiological processes. In the case of plant hormones, transport of auxin 
(indole-3-acetic acid; IAA) has been well characterized (Blakeslee et al. 2005; Petrasek and 
Friml 2009). The plant specific PIN transporter family and some members in subgroup B of 
ATP binding cassette (ABC)-type transporter family (ABCB) function as IAA exporters, 
whereas amino acid permease-like AUX/LAFX family mediates IAA uptake into cells (Habets 
and Offringa 2014; Swarup and Peret 2012; Yang and Murphy 2009). Another example of 
which transport has been extensively studied is abscisic acid (ABA) (Boursiac et al. 2013; Seo 
and Koshiba 2011). ABA has been considered as a signal that is produced in roots upon water 
deficit and transmitted to leaves to induce stomatal closure (Jiang and Hartung 2008). On 
the other hand, immunohistochemical analysis with antibodies raised against ABA 
biosynthesis enzymes AtNCED3, AtABA2 and AAO3 in Arabidopsis revealed that these 
enzymes are localized in vascular tissues, suggesting that ABA is synthesized in the tissues 
(Endo et al. 2008; Koiwai et al. 2004). This intern indicates that ABA synthesized in the 
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vascular tissues has to be transported to the guard cells to induce stomatal closure. So far, 
four ABA transporters have been identified in Arabidopsis, and two of them are subgroup G 
ABC transporters AtABCG25 and AtABCG40 (Kang et al. 2010; Kuromori et al. 2010). It has 
been suggested that AtABCG25 is expressed in vascular tissues and involved in the export of 
ABA from inside to outside of cells at the site of ABA biosynthesis whereas AtABCG40 
mediates ABA uptake into guard cells to close stomatal. It is interesting to note that the 
recently identified transporters for strigolactone and cytokinin are also member of ABCG 
(Kretzschmar et al. 2012; Ko et al. 2014; Zhang et al. 2014b). In petunia, an ABCG protein is 
required for exudation of storigolactone from root tissues to media. The Arabidopsis 
AtABCG14 is involved in the transport of different types of cytokinins between the shoot and 
root thorough xylem and/or phloem. The third ABA transporter is a member of the 
NRT1/PTR FAMILY (NPF) proteins. There are 53 genes encoding NPF proteins in 
Arabidopsis and some members in this family have been identified as nitrate or peptide 
(di/tri-peptide) transporters (Leran et al. 2014; Tsay et al. 2007). NPF4.6 that was previously 
characterized as a nitrate transporter NRT1.2 (Huang et al. 1999), however, our group 
revealed that the same protein functions also as an ABA transporter (Kanno et al. 2012). 
NPF4.6 is expressed in vascular tissues and possibly regulates the amount of ABA 
transported from vascular tissues toward the guard cells in association with AtABCG25. As 
the fourth Arabidopsis ABA transporter, a DTX/MATE protein called AtDTX50 was recently 
identified as an ABA efflux transporter expressed in vascular tissues and guard cells (Zhang 
et al. 2014a). One may conclude from these facts that the ABA transport system is highly 
complex and redundant.  
As well as NPF4.6, some members of NPF proteins were shown to transport substrates 
other than nitrate or peptides. At least three additional Arabidopsis NPF proteins, NPF4.1, 
NPF4.2 and NPF4.5 transported ABA in yeast (Kanno et al. 2012). Interestingly, NPF4.1 
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transported gibberellin (GA; GA3) as well (Kanno et al. 2012). NPF6.3/NRT1.1/CHL1, which 
had been identified as a nitrate transporter, functions as an IAA transporter (Krouk et al. 
2010). NPF2.10/GTR1 and NPF2.11/NRT1.10/GTR2 are involved in the transport of 
glucosinolates (Nour-Eldin et al. 2012). Furthermore, considering that dipeptides are 
substrates of some NPFs, I speculated that the amino acid-conjugated bioactive hormone 
jasmonoyl-isoleucine (JA-Ile) might also be transported by NPFs. Transport of GA and JA-Ile 
within plants has been suggested (Matsuura et al. 2012; Pimenta Lange et al. 2012). These 
findings suggest that NPF proteins transport not only nitrate or peptides but also various 
other compounds.  
In the present study, I determined whether there are other NPF proteins capable of 
transporting plant hormones. To perform a comparative investigation, I developed modified 
Y2H systems to detect GA or JA-Ile transport activities of proteins expressed in the system 
by using receptor complexes for respective hormones as our group reported previously for 
ABA. By using the systems, the activities of 45 out of 53 Arabidopsis NPF proteins for 
transport ABA, GA and JA-Ile were examined. The results showed that a relatively large 














Construction of yeast two-hybrid systems to detect hormone dependent formation of receptor 
complexes 
Our group previously developed a modified Y2H system to detect ABA transport activities of 
proteins expressed in the yeast cells by determining ABA dependent interaction between the 
ABA receptor PYR/PYL/RCAR and PP2C protein phosphatases (Kanno et al. 2012). 
Arabidopsis PYR1 fused to the GAL4 DNA binding domain (DBD; DBD-PYR1), ABI1 fused 
to the GAL4 activation domain (AD; AD-ABI1) and a NPF protein were expressed in yeast 
strain PJ69-4A, in which marker gene (HIS3) expression was activated by the 
ABA-dependent formation of DBD-PYR1/AD-ABI1 complexes. Next, yeast cells were 
inoculated in selection media. If NPF protein expressed in yeast had an ABA transport 
activity, it is expected that yeast cells would grow on selection media in the presence of 
relatively low concentration of ABA (Fig. 1A).  
In our former assays, growth of yeast cells was determined after streaking on plates. 
However, in the present study, I spotted a certain amount of cells on plates instead of 
streaking so as to compare the yeast growth semi-quantitatively. As our group reported 
previously, yeast cells expressing NPF4.6/NRT1.2/AIT1 grew on selection media containing 
0.1 µM ABA whereas cells without the transporter did not. Yeast cells without 
NPF4.6/NRT1.2/AIT1 grew at relatively high concentrations (1 µM) of ABA, but not as 
rapidly as the cells expressing NPF4.6/NRT1.2/AIT1 (Fig. 1B).  
It has been demonstrated that the receptors of GA, JA-Ile and IAA form protein 
complexes in the respective hormone dependent manners: the GA receptor GID1 interacts 
with DELLA proteins, the JA-Ile receptor COI1 interacts with JAZ proteins, and the IAA 
receptor TIR1/AFB interacts with Aux/IAA proteins (Lumba et al. 2010). Therefore, I 
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expected that the Y2H systems with the receptor complexes for GA, JA-Ile and IAA will be 
useful for detecting hormone transport activities of NPFs (Fig. 2).  
The Arabidopsis GID1a fused to GAL4 DNA binding domain (DBD; DBD-GID1a) and 
GAI fused to GAL4 activation domain (AD-GAI) were expressed in the yeast strain PJ69-4A 
of which marker gene (HIS3) expression is activated by formation of the DBD-GID1a and 
AD-GAI complex (Fig. 2A). Our group has shown that NPF4.1/AIT3, which was originally 
identified based on its activity to transport ABA, could also transport GA (GA3) when 
determined by a direct analysis with LC-MS/MS (Kanno et al. 2012). Thus, I tested whether 
the GA transport activity of NPF4.1/AIT3 could be detected by using the Y2H transport assay 
system with the GA receptor complex (Fig. 3). GA1, GA3 and GA4 were used as substrates 
because they are recognized by the GA receptor. GA1 and GA4 are major bioactive GAs 
synthesized in higher plants. GA3 is a major GA produced in the fungus Gibberella fujikuroi 
but has biological activities like GA1 and GA4 when exogenously applied to plants. The three 
GAs have different affinity to the receptors (Nakajima et al. 2006), therefore I determine 
optimum concentrations of the GAs used for the assay. Significant growth of yeast without 
NPF4.1/AIT3 was observed on media containing 1 µM GA1 or GA3, although cells expressing 
NPF4.1/AIT3 grew better than the control (Fig. 3A and B). In contrast, only cells expressing 
NPF4.1/AIT3 grew at 0.1 µM GA1 or GA3. As expected from a higher affinity of GA4 to the GA 
receptor GID1a compared to those of GA1 and GA3, the yeast containing DBD-GID1a and 
AD-GAI constructs grew well even when GA4 concentration was 0.1 µM both in the presence 
and absence of NPF4.1/AIT3. However, when GA4 concentration was 0.002 µM, I could 
observe a better growth rate of the yeast cells containing NPF4.1/AIT3 compared to the cells 
without NPF4.1/AIT3 (Fig. 3C). These results indicated that the Y2H system with the 
receptor complex could be used to detect GA transport activities of NPFs. 
The Arabidopsis JA-Ile receptor COI1 fused to DBD and JAZ protein fused to AD were 
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introduced in the yeast cells to construct Y2H system (Fig. 2B). Although I tested two JAZ 
proteins, JAZ1 and JAZ3, both of them have been demonstrated to interact with COI1 in 
JA-Ile dependent manners, only JAZ3 induced the expression of the selection marker gene in 
the presence of JA-Ile. In my experimental conditions, the yeast containing DBD-COI1 and 
AD-JAZ3 grew better on the selection media in the presence of 100 µM JA-Ile compared to 
when 0 or 50 µM JA-Ile was present in the media (Fig. 4). I expected that this system will be 
useful to determine JA-Ile transport activities of NPFs, although I did not have positive 
controls to confirm the possibility. 
I also attempted to construct Y2H systems to detect IAA dependent interaction between 
the TIR1/AFB receptor and Aux/IAA protein (Fig. 2C). I used AD-IAA1, AD-IAA3 and 
AD-IAA5 as interactors of DBD-TIR1. However, none of the combinations gave yeast growth 
on selection media even when IAA concentrations were 100 µM. Thus I could not apply the 
Y2H system with the receptor complex to detect IAA transport activities of NPFs. 
 
Detection of hormone transport activities of NPF by the Y2H system 
To determine whether there are unidentified Arabidopsis NPF proteins capable of 
transporting hormones, I cloned as many NPF cDNAs as possible. 45 out of 53 Arabidopsis 
NPF cDNAs were cloned into a yeast expression vector and introduced into the Y2H systems 
with hormone receptor complexes. 
ABA transport activities of NPFs were detected by determining the growth of yeast 
containing DBD-PYR1 and AD-ABI1 on selection media in the presence of 0.1 µM ABA (Fig. 
5). Although our group have already examined the ABA transport activities of 11 NPFs 
(NPF4.6/NRT1.2/AIT1, NPF4.5/AIT2, NPF4.1/AIT3, NPF4.2/AIT4, NPF6.3/NRT1.1, 
NPF4.4/NRT1.13, NPF4.3/NRT1.14, NPF6.2/NRT1.4, NPF6.4/NRT1.3, NPF6.1 and 
NPF4.7) that were formerly categorized to group I according to phylogenetic relationship 
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(Tsay et al. 2007), these NPFs were included in the present assay so as to compare the 
activities of possibly all NPFs in the same condition. The growth of yeast spotted at different 
cell concentrations were compared. The yeast cells expressing NPF2.5, NPF4.1/AIT3, 
NPF4.5/AIT2, NPF4.6/AIT1 and NPF5.2/PTR3 grew better even when a lesser amount of 
cells (103) was inoculated, suggesting that these NPFs efficiently transported ABA into the 
yeast cells. Significant growth of yeast cells expressing NPF1.1, NPF8.2/PTR5, NPF5.1, 
NPF5.3 and NPF5.7 were observed at least when a higher concentration of cells (104) were 
inoculated, suggesting that these NPFs also had activities to transport ABA. Although our 
group previously showed a weak ABA transport activity of NPF4.2/AIT4, the activity was 
under detection level in this assay condition. Actually, the yeast expressing NPF4.2/AIT4 
grew slightly better than control cells when much higher amount of cells (105) were 
inoculated and incubated for a long period (Fig. 6). 
Next, I determined the activities of NPFs to transport GA1, GA3 and GA4 using the Y2H 
system with DBD-GID1a and AD-GAI (Fig. 5). The yeast growth on selection media 
containing 0.1 µM GA1 suggested that NPF2.3, NPF2.5, NPF2.12/NRT1.6, NPF2.13/NRT1.7, 
NPF1.1/NRT1.12, NPF1.2/NRT1.11, NPF3.1/Nitr, NPF4.1/AIT3, NPF4.2/AIT4, NPF5.1, 
NPF5.2/PTR3 and NPF5.7 efficiently transported GA1 into the yeast cells. The yeast cells 
expressing NPF2.4, NPF2.6, NPF2.7/NAXT1, NPF2.10/GTR1, NPF8.2/PTR5, and NPF5.6 
grew better than the control cells in the same condition, suggesting that they also have 
activities transport GA1. Similar tendency of yeast growth was observed when 0.1 µM GA3 
was used as a substrate except that the yeast cells expressing NPF2.6, NPF8.2/PTR5 and 
NPF5.6 did not grow in this condition. Most of the NPFs that induced the yeast growth in the 
presence of 0.1 µM GA3 or GA1 also induced the yeast growth in response to 0.002 µM GA4, 
although some NPFs such as NPF2.12/NRT1.6, NPF3.1/Nitr and NPF4.2/AIT4 were less 
effective.  
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    The activities of NPFs to transport JA-Ile were also determined by examining their 
effects on the growth of yeast cells containing DBD-COI1 and AD-JAZ3 on selection media in 
the presence of 50 µM JA-Ile (Fig. 5). The yeast cells expressing NPF1.1/NRT1.12, 
NPF1.2/NRT1.11, NPF4.1/AIT3, NPF8.1/PTR1, NPF8.2/PTR5 and NPF5.7 exhibited 
significant growth either when a lesser or higher amount of cells was inoculated. In addition, 
the yeast expressing some other NPFs such as NPF2.4, NPF2.6, NPF2.7/NAXT1, 
NPF2.10/GTR1, NPF2.13/NRT1.7, NPF3.1/Nitr and NPF5.1 showed faint growth.  
 
Direct examination of hormone transport activities of NPFs by liquid chromatography-mass 
spectrometry (LC-MS/MS) 
The results presented in Fig. 5 suggested that several NPF proteins transported ABA, GA 
and/or JA-Ile. However, as the hormone transport activities were detected indirectly based on 
yeast growth, I could not exclude the possibility that the NPFs induced growth independently 
of their hormone transport activities. Our group had demonstrated that 
NPF4.6/NRT1.2/AIT1 transported ABA whereas NPF4.1/AIT3 transported ABA and GA3, by 
directly measuring the hormones taken up by yeast cells using LC-MS/MS (Kanno et al. 
2012). In the present study, I could confirm that NPF4.6/NRT1.2/AIT1 transported ABA, and 
NPF4.1/AIT3 transported ABA and GA3. In addition, as expected from the Y2H-based 
transport assays described in Fig. 5, it was shown that NPF4.1/AIT3 transported GA1, GA4 
and JA-Ile whereas NPF4.6/NRT1.2/AIT1 did not (Fig. 7). Furthermore, I determined 
hormone transport activities of several other NPF proteins. Based on the results shown in 
Fig. 5, I selected 4 NPFs (NPF2.5, NPF5.1, NPF5.2/PTR3 and NPF8.2), 5 NPFs 
(NPF1.1/NRT1.12, NPF1.2/NRT1.11, NPF4.2/AIT4, NPF5.1 and NPF8.2) and 3 NPFs 
(NPF5.1, NPF5.7 and NPF8.2/PTR5) for determination of ABA, GA and JA-Ile transport 
activities, respectively. All these NPFs showed expected hormone transport activities (Fig. 8) 
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Discussion 
In the present study, I demonstrated that the Y2H systems with the receptor complexes for 
GA and JA-Ile, as well as ABA, could be used to detect respective hormone transport 
activities (Figs. 1-5). As I expected, several NPF proteins could enhance the hormone 
dependent formation of receptor complexes in yeast cells in response to exogenous application 
of hormones (Fig. 5). LC-MS/MS analysis confirmed that yeast cells expressing the NPFs 
accumulated the expected hormones at significantly higher levels compared to control cells 
when incubated with the compounds (Figs. 7, 8).  
Our group previously showed that 4 members of NPFs, NPF4.1/AIT3, NPF4.2/AIT4, 
NPF4.5/AIT2 and NPF4.6/NRT1.2/AIT1, had activities to transport ABA by the Y2H and/or 
direct assay with LC-MS/MS, and one of these NPFs, NPF4.1/AIT3 could also transport GA3 
when determined by a direct assay with LC-MS/MS (Kanno et al. 2012). The present study 
revealed that a relatively large number of NPFs other than NPF4.1/AIT3, NPF4.2/AIT4, 
NPF4.5/AIT2 and NPF4.6/NRT1.2/AIT1 were capable of transporting hormones ABA, GA 
and/or JA-Ile. Note that I cannot clearly define the presence or absence of hormone transport 
activities for several reasons. First, the rate of yeast growth was determined at a specific time 
point for each substrate: much numbers of NPFs tended to promote yeast growth if the yeast 
were incubated for a longer time period whereas much less number of NPFs promoted the 
yeast growth after a shorter time period. Second, I could not determine the levels of active 
NPF proteins expressed in the yeast cells. Because our group previously found that the 
addition of a tag to the NPF protein for immuno-detection inhibited its transport activities 
(Kanno et al. 2012), I expressed NPFs without tag in the present assay. Also, it has to be 
noted that the chemical nature of substrates used in the present assays differ in terms of 
their affinity to the receptors, membrane permeability, stability and so on. Thus different 
concentrations of substrate were used for the assay, and yeast growth was determined at 
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different time point depending on hormones. Therefore, I cannot simply compare relative 
strength of transport activities of NPFs for these hormones. Nevertheless, it would be 
possible to discuss substrate preferences or substrate specificities of NPFs to some extent. For 
example, NPF4.6/NRT1.2/AIT1 transported ABA but not GA (GA1, GA3, GA4), JA-Ile, JA or 
IAA, suggesting that this protein has a high specificity for ABA (Fig. 5; Kanno et al. 2012). 
Therefore, NPF4.6/NRT1.2/AIT1 has been shown to functions as an ABA transporter in vivo 
(Kanno et al. 2012). Similarly, NPF8.1/PTR1 was relatively specific to JA-Ile (Fig. 5). On the 
other hand, NPF4.1/AIT3 showed relatively broad substrate specificity for ABA, GA and 
JA-Ile (Fig. 5), however, the protein did not transport JA or IAA (Kanno et al. 2012). 
NPF2.12/NRT1.6 and NPF5.6 are relatively specific to GAs, but the two proteins preferred 
different GA species (Fig. 5). These data suggest that there are some mechanisms for 
substrate recognition. In many cases, closely related NPFs showed similar substrate 
specificities each other (Fig. 5). However, NPFs capable of transporting a particular substrate 
are widely distributed in the family member, and thus phylogenetic relationship is not 
sufficient to predict the substrate of a particular NPF protein. Recently 3D structure of 
NPF6.3/NRT1.1/CHL1 was resolved and mechanisms by which nitrate is recognized by the 
protein as a substrate have been discussed (Parker and Newstead 2014; Sun et al. 2014). It 
would be interesting to study how NPFs recognize various substrates based on 3D structures.  
Several NPFs have been characterized as nitrate or peptide transporters. It has been 
reported that nitrate transporters NRTs did not transport peptides whereas peptide 
transporters PTRs did not transport nitrate (Tsay et al. 2007). However, recent studies 
revealed that multiple compounds could be substrates for a NPF protein (Kanno et al. 2012; 
Krouk et al. 2010; Nour-Eldin et al. 2012). NPF6.3 has been well characterized as a dual 
affinity nitrate transporter NRT1.1/CHL, but the same protein was shown to function as an 
IAA transporter (Krouk et al. 2010). Similarly, NPF4.6 that was originally identified as a low 
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affinity transporter NRT1.2 functions as an ABA transporter (Kanno et al. 2012). Although 
the functions of NPF2.10 and NPF2.11 have been unidentified until recently, they were 
identified as glucosinolate transporter GTR1 and GTR2, respectively (Nour-Eldin et al. 2012). 
These data indicate that NPFs transport a variety of compounds. In the present study, I 
identified additional NPFs capable of transporting ABA, GA and or JA-Ile, and it is possible 
that at least some of them function as hormone transporters in vivo. Considering that a 
relatively large number of NPFs transported same substrate, the functions might be highly 
redundant. Nevertheless, several mutants defective in NPFs have been shown to have 
interesting phenotypes (Almagro et al. 2008; Fan et al. 2009; Guo et al. 2003; Hsu and Tsay 
2013; Huang et al. 1999; Karim et al. 2007; Komarova et al. 2008; Li et al. 2010; Lin et al. 
2008; Wang and Tsay 2011). Although the phenotypes have been discussed in the context of 
nitrate of peptide transport, it is possible that the phenotypes are caused by the defects in 
hormone transport. For example, mutants defective in NPF2.13/NRT1.7 (nrt1.7) showed 
growth retardation upon nitrogen starvation (Fan et al. 2009). It is well known that 
GA-deficient or GA-insensitive mutants are dwarf. Therefore, it could be possible that the 
phenotype observed in nrt1.7 was caused by a defect in GA transport. It is interesting to 
speculate that seed abortion observed in mutants defective in NPF2.12/NRT1.6 (Almagro et 
al. 2008) might be related to GA transport, although the role of GA during seed development 
is unclear. On the other hand, mutants effective in NPF5.2/PTR3 (ptr3) were susceptible for 
pathogen infection (Karim et al. 2007). It is possible that the phenotype might be related to 
ABA transport activity of NPF5.2/PTR3, because it has been reported that ABA is involved in 
responses to pathogen infection (Lee et al. 2012). Consistent with our observation that 
NPF2.10/GTR1 transporter GA, it was demonstrated very recently that NPF2.10/GTR1 
functions not only as a glucosinolate transporter but also as a GA transporter in vivo (Saito et 
al. 2015). In the case of NRT1.1, competition between two substrates, nitrate and IAA have 
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important role in physiological responses (Krouk et al. 2010). Likewise, it would be possible 
that competition between nitrate/peptide and hormones or competition between several 
hormones have important physiological roles. 
The Y2H systems with receptor complexes will be applicable for other plant hormones 
such as strigolactone and salicylic acid (Fu et al. 2012; Hamiaux et al. 2012; Jiang et al. 2013; 
Zhou et al. 2013). It would be also possible to identify new plant hormone transporters other 
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Materials and Methods 
 
Construction of Y2H systems 
For expression of DBD-GID1a and DBD-COI1 in yeast, GID1a (At3g05120) and COI1 
(At2g39940) cDNAs were amplified with primer combinations presented in Table 1 and 
cloned into pT7-Blue (Novagen). After sequencing, the GID1a and COI1 cDNAs were excised 
by digestions with BamH I and Pst I, or with Sma I and Sal I, respectively, and cloned into 
the pGBT9 vector. 
For expression of AD-GAI, AD-JAZ1 and AD-JAZ3 in yeast, the GAI (At1g14920), JAZ1 
(At1g19180) and JAZ3 (At3g17860) cDNAs were amplified with primer combinations 
presented in Table 1. After sequencing, inserted cDNAs were excised by digestions with 
BamH I and Pst I (for GAI), or with EcoR I and Sal I (for JAZ1 and JAZ3), and cloned into 
the pGAD424 vector. 
DBD-PYR1 and AD-ABI1 constructs were generated as described previously (Kanno et al. 
2012). 
 
Cloning of NPF cDNAs  
NPF cDNAs were amplified with primer combinations listed in Table 2, and cloned into 
pENTR/D-TOPO (Invitrogen) or pDONR207 (Invitrogen) before introduction into yeast 
expression vector pYES-DEST52 or its derivative. For cloning into pDONR207, cDNAs 
amplified with primers that contain a part of attB1 (forward primers) and attB2 (reverse) 
sequences on their 5’ region were first cloned into pT7-Blue, and then re-amplified with 
primers 5’-GGGGACAAGTTTGTACAaaaaagcaggct-3’ (forward primer) and 
5’-GGGGACCACTTTGTACAagaaagctgggt-3’ (reverse primer) to add complete attB1 and 
attB2 recombination sequences, respectively. Nucleotides shown in lowercase overlap with 
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the part of attB1 and attB2 recombination sequences added to the first primers. The 
amplified cDNA with recombination sequences were introduced into pDONR207 by BP 
reactions. After sequencing, NPF cDNAs were cloned into pYES-DEST52 of which GAL1 
promoter had been replaced with ADH1 promoter (for Y2H assays and direct assays) or 
unmodified pYES-DEST52 (for direct assays). 
Eleven NPF cDNAs in subgroup 4 and 6 were prepared as described previously (Kanno et al., 
2012).  
 
Y2H transport assay 
The DBD, AD, and NPF constructs was transformed in the yeast strain PJ69-4A according to 
standard protocols publishes elsewhere. Yeast cells derived from 10 independent original 
transformants cultured overnight in liquid media [synthetic dextrose (SD); -Trp, -Leu, -Ura] 
were collected by centrifugation and re-suspended in buffer (10 mM Tris-HCl, 1 mM EDTA, 
pH 7.5) so that OD600 became 1 (approximately 1×107 cells/ml), 0.1 or 0.01. Ten micro l of cell 
suspensions (1×105 , 1×104 or 1×103 cells) were inoculated on plates (SD, -Trp, -Leu, -Ura, 
-His) containing desired concentrations of hormones and incubated at 30℃. 
 
Direct transport assays with by LC-MS/MS 
Direct hormone transport assays were performed essentially as described previously 
(Takeuchi et al. 2014), with some modifications. Vectors to express NPFs in yeast cells were 
constructed with the original pYES-DEST52 (Invitrogen) except NPF4.6.  
NPF4.1, NPF4.2 and NPF4.6 cloned in pYES-DEST52 of which GAL1 promoter had been 
replaced with ADH1 promoter were introduced in the yeast strain PJ69-4A. NPF1.1, NPF1.2, 
NPF2.5, NPF5.1, NPF5.2, NPF5.7 and NPF8.2 cloned in unmodified pYES-DEST52 were 
introduced in the yeast strain INVSc1. 
   
17 
For NPF1.1, NPF1.2, NPF2.5, NPF5.1, NPF5.2, NPF5.7 and NPF8.2, yeast cells were 
cultured in SD (synthetic dextrose) media containing 2 % (w/v) galactose and 1 % (w/v) 
raffinose instead of 2 % (w/v) glucose. 
Hormones were added to reaction mixtures at 10 µM. ABA and GA3 were extracted and 
purified from yeast cells as described previously (Kanno et al. 2012). GA1, GA4 and JA-Ile 
were extracted and purified as GA3 was. LC-MS/MS analysis was performed with a Nexcera 
(Shimazu)/Triple TOF 5600 (AB SCIEX) system with an ZORBAX Eclipse XDB-C18 column 
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